Thymosin b-4 (Tb-4), a small peptide originally isolated from calf thymus, modulates the formation of F-actin microfilaments by sequestering the monomeric G-actin. Recent studies have shown that overexpression of the Tb-4 gene occurs not only in many human carcinomas but also in the highly metastatic melanomas and fibrosarcomas. However, little is known about the specific growth advantages acquired by different tumors from this genetic abnormality. To address the above questions, Tb-4-overexpressing human colon carcinoma (SW480) cells were established by stable transfection and their phenotypic changes were monitored. We found that both the morphology and the cortical actin cytoskeleton of SW480 cells were altered by Tb-4 overexpression. Moreover, both cellular level and that distributed over the intercellular junctions of the E-cadherin were decreased in the Tb-4 overexpressers, which were accompanied by a twofold increase in their saturation densities. Meanwhile, these cells also exhibited an increased ability to form colonies in soft agar. Interestingly, a dramatic increase of growth rate was detected in the Tb-4 overexpressers, which might be attributed to an accelerated proliferation induced by cMyc that was activated by nuclear b-catenin. Finally, a motility increase of these cells was demonstrated by two independent migration assays, which was accompanied by an enhanced focal contact. Taken together, our data suggest that the drastic growth property and motility changes of the SW480 cells overexpressing Tb-4 gene are due mainly to a deregulated cell-cell adhesion arisen from the downregulation of E-cadherin, plus uncontrolled cell proliferation owing to the upregulation of b-catenin, both resulted from a breakdown of actin microfilaments caused by the overexpression of this G-actin sequestering peptide.
Introduction
Thymosin b-4 (Tb-4), a small acidic peptide isolated originally from calf thymus, was postulated to be a thymic hormone at first (Low and Goldstein, 1982) . However, Tb-4 along with other members of this peptide family were identified later on as the intracellular G-actin sequestering molecules that present in almost every type of cell (Safer et al., 1990) . Tb-4 prevents the formation of actin microfilaments by complexing with the monomeric G-actin in a 1 : 1 ratio (Safer et al., 1991) . On the other hand, it also supplies a pool of actin monomers for polymerization when the cell needs filaments (Cassimeris et al., 1992) . Disturbance of the dynamic equilibrium between monomeric and filamentous actin by high levels of b-thymosins (Tbs) was well documented. For example, disassembly of actin stress fiber bundles and even disappearance of the membrane-associated actin bundles were observed when a short-term increase of the intracellular concentrations of Tbs was achieved by either microinjection of the peptides or transient transfection with their cDNAs (Yu et al., 1994; Sanger et al., 1995) . Long-term overexpression of Tb-4 in NIH3T3 cells resulted in an enhanced cell-matrix adherence accompanied by the increase of both the G-and F-actins as well as some cytoskeleton-related proteins (Golla et al., 1997) . In contrast, Tb-10-overexpressing stable transfectants derived from a NIH3T3 subline were shown to have thicker filaments, higher motility, and faster spreading ability compared with the vector-transfected cells (Sun et al., 1996) .
A highly regulated assembly and disassembly of the actin filaments are crucial for cells to respond normally to the extracellular signals by moving, changing shapes, and translocating in intracellular organelles. Moreover, involvements of actin filaments in oncogenic transformation were implicated by the findings that the tumorigenicity of certain cancer cells was suppressed by the enforced expression of genes encoding different structural components of the actin cytoskeleton (reviewed in Pawlak and Helfman, 2001) . Accordingly, participation of Tbs in carcinogenesis has also been speculated because of their aberrant expression in a wide variety of carcinomas. For example, an increased Tb-10 mRNA in renal cell carcinomas (Hall, 1991) and overexpression of Tb-10/Tb-4 in human colon carcinomas, germ cell tumors of different histological types, breast, ovarian, and uterine carcinomas have been reported (Santelli et al., 1999) . In addition, Tb-10 was found to be elevated in melanoma cell lines and human breast cancer, and may be used as a progression marker for these tumors (Weterman et al., 1993; VergheseNikolakaki et al., 1996) . Another study reported that Tb-10 gene overexpression correlated with the malignant phenotype of transformed thyroid cells in vivo and in vitro (Califano et al., 1998) . Upregulation of Tb-10 gene was also demonstrated recently in disseminated neuroblastomas (Sardi and Tintori, 2002) . Thymosin b-15 (Tb-15), a newly identified member of the Tb family, was shown to influence the metastatic potentials of Dunning rat prostatic carcinoma cells (Bao et al., 1996) . Moreover, Tb-15 has been suggested to be a useful marker for identifying patients with high risk of prostate cancer metastasis (Chakravatri et al., 2000) . Upregulated expression of Tb-15 gene was also observed in malignant breast tissues (Gold et al., 1997) . Recently, compelling evidence also pointed out the involvement of Tb-4 in carcinogenesis. For instance, upregulated expression of this gene was observed in highly metastatic melanoma cells (Clark et al., 2000) as well as in breast cancer cells (Xie et al., 2002) . Increased tumorigenicity and metastasis of fibrosarcoma cells by Tb-4 overexpression were demonstrated by an in vivo study (Kobayashi et al., 2002) .
Although the correlation between tumor progression and the aberrant expression of Tb genes was unequivocally established, the role(s) played by these G-actin sequestering peptides in promoting the malignancy of specific human carcinomas remains to be defined. In the present study, human colon carcinoma cells (SW480) were stably transfected with a plasmid expressing the Tb-4 gene to examine the malignant phenotypic changes that resulted from its overexpression, and the molecular mechanisms leading to these alterations were explored and discussed.
Results

Morphological changes of the Tb-4 overexpressers
To examine the effect of Tb-4 overexpression on the malignant phenotypic changes of tumor, stable clones were established from the SW480 colon carcinoma cells by transfecting a mammalian expressing vector pBKCMV that carries a mouse Tb-4 cDNA in sense orientation. After transfection, individual clones were picked and expanded on the basis of their resistance to G418. Expression of Tb-4 gene in the two Tb-4 transfectants (480S1 and 480S2), one vector transfectant (480BK), as well as the parental cells was examined by Northern blot analysis. As shown in Figure 1 , the Tb-4 mRNA levels in cells transfected by this gene were significantly higher than both the parental and the vector-transfected cells. Since dramatic alterations in cell shape as well as intracellular F-actins were found in Tb-4-overexpressing mouse fibrosarcoma cells (Kobayashi et al., 2002) , we next examined actin-based cytoskeletal changes by rhodamine-phalloidin staining. A loss of polygonal morphology together with a decrease in membrane protrusions of 480S1 and 480S2 cells suggested that a disruption of the actin cytoskeleton occurs in these cells (Figure 2 ).
Overexpression of Tb-4 reduces contact-inhibited growth of SW480 cells
Since cell-cell contact inhibition is crucial for controlling the growth of epithelial cells and the loss of it seems to be correlated with the malignant characteristics of cancer cells, the changes in contact-dependent inhibition of the growth of Tb-4 overexpressers were examined. As shown in Figure 3a , a twofold increase in the saturation density of the Tb-4 overexpressers was detected, indicating a loss of contact inhibition of these cells.
Overexpression of Tb-4 promotes colony formation of SW480 cells in soft agar
Since the interaction between actin cytoskeleton, the mechanosensors near plasma membrane, and the extracellular substrates is critical for cell proliferation (Assoian and Schwartz, 2001 ), a reorganized actin network found in the Tb-4 overexpressers might affect their abilities to grow in soft substrate. To examine this possibility, cells were grown on 0.6% soft agar for 2 weeks and the number of colonies derived from each line was counted microscopically. As can be seen in Figure 3b , the colony numbers of the Tb-4 overexpressers were three to fourfold higher than those of the parental and vector-transfected SW480 cells. In addition, the average size of the colonies of 480S1 and Figure 1 Expression of the Tb-4 gene in three transfectants and parental SW480 cells. Total RNAs (30 mg) isolated from the SW480, the vector-transfected (480BK), and the Tb-4-transfected (480S1 and 480S2) cells were separated by a formaldehydedenatured agarose gel. Northern blot analysis was then carried out as described in 'Materials and methods' using a 32 P-labeled Tb-4 cDNA probe. A similar blot was subsequently reprobed with a radiolabeled GAPDH DNA fragment to show equal loading of the samples Phenotypic changes in SW480 cells induced by thymosin b-4 overexpression W-S Wang et al S2 cells was also much larger than those of the 480BK and SW480 cells (data not shown).
Overexpression of Tb-4 reduces E-cadherin levels in SW480 cells
Since intercellular adhesion mediated by E-cadherin is required for the contact-inhibited growth of epithelial cells, aforementioned increase in the saturation density of the Tb-4 overexpressers might result from a reduction of E-cadherin in these cells. To examine such possibility, Western blot analysis using an anti-E-cadherin mAb was performed. As can be seen in Figure 4a , the levels of this adhesion molecule in Tb-4 overexpressers (480S1 and S2) were significantly lower than that in both the parental and the vector-transfected cells. Moreover, immunofluorescence staining assay also showed that the E-cadherin levels over the intercellular junctions of the Tb-4 overexpressers were diminished (Figure 4b ).
Overexpression of Tb-4 increases the growth rate of SW480 cells
Alterations in the growth properties are often observed in carcinoma cells and an increase in the growth rate of the Tb-4 overexpressers was noticed by us during their maintenance. The precise change in the growth rate of these stable transfectants was then determined by counting the number of cells every day for a total of 6 days (from day 0 to day 5). We found that the Tb-4 overexpressers grew much faster than both the parental and the vector-transfected cells ( Figure 5 ). Owing to the above observation, cell cycle progression of each individual clone was analysed by flow cytometry. In agreement with the results of proliferation assay, Tb-4 overexpressers had a significantly higher proportion of cells in the S and G 2 /M phases as compared with the parental and vector-transfected cells (Table 1) .
b-catenin and c-Myc are increased by Tb-4 overexpression
Intercellular adhesion mediated by E-cadherin occurs only when its intracellular domain is properly anchored Cells were permeabilized with Triton X-100, fixed by methanol, and suspended in a propidium iodide staining solution overnight at 41C. Flow cytometric analysis was then carried out for relative DNA content based on red fluorescence levels using Modfit software. *Significant difference (Po0.05) between thymosin b-4 overexpressers (480S1 and 480S2) and the vector-transfected and parental SW480 cells with repeated measures
Phenotypic changes in SW480 cells induced by thymosin b-4 overexpression W-S Wang et al by catenins, the proteins providing the mechanical linkage to the actin cytoskeleton. Therefore, proper localization of the cadherin-catenin complex on epithelial cells may rely on the integrity of the circumferential actin microfilaments network, whose disruption could cause a destabilization of the cadherin-catenin complexes and result in their internalization. Since a significant reduction in E-cadherin was found in the Tb-4 overexpressers, the level of b-catenin, the molecule anchoring E-cadherin directly to the actin cytoskeleton, was examined by Western blot analysis. As can be seen in Figure 6 , a dramatic increased accumulation of bcatenins in the nuclei was detected in Tb-4 overexpressers, suggesting that not only the internalization of the E-cadherin/b-catenin complexes but also the nuclear translocation of the latter was enhanced in these cells. b-catenins, when translocated into the nucleus, could form complexes with the T-cell factor/lymphoid enhancer factor (TCF/LEF) molecules to activate the transcription of oncogenes such as c-myc (He et al., 1998) and cyclin D1 (Tetsu and McCormick, 1999) to promote cell proliferation. Since c-myc is a downstream target of the nuclear b-catenin/TCF transcription complex, we next examined whether expression of this gene was facilitated in the Tb-4 overexpressers. As shown in Figure 7 , a dramatic increase in the levels of c-Myc was found in these cells, indicating a strong activation of this oncogene mediated by the nuclear b-catenins. 
Overexpression of Tb-4 enhances cell migration
Although stimulation of cell motility by various Tbs was demonstrated in several earlier studies (Bao et al., 1996; Sun et al., 1996; Kobayashi et al., 2002) , the effect of Tb-4 overexpression on the migratory ability of SW480 cells is largely unknown. Thus, two independent assays were used to examine the motility difference between Tb-4 transfectants and their control cells. At first, we found that the number of cells penetrating through the 12-mm filter over a 4-h incubation period of Tb-4 overexpressers was fourfold higher than that of the parental and vector-transfected cells (Figure 8a ). Alteration in the migratory ability of these cells was also assessed by scratch wound closure assay, which reveals not only the motile phenotype of the cells but also the potential to dissociate from closely adhesive neighbors.
As can be seen in Figure 8b , a fourfold increase in number of cells that moved into the scratched area over a 24-h incubation period was found to be associated with Tb-4 overexpressers, confirming the data of transwell assay.
Overexpression of Tb-4 promotes focal contact of SW480 cells
Since cell migration relies highly on the dynamic change of focal adhesion to the extracellular matrix (Luna and Hitt, 1992) , an enhanced motility observed in the Tb-4 overexpressers suggested a possible alteration in their focal adhesions. To address this question, immunofluorescence staining of vinculin, one crucial component of the focal adhesion, was carried out using a subconfluent culture. Abundant vinculin-containing focal adhesions were detected only in the Tb-4 overexpressers (Figure 9 ), suggesting that these cells have a strong adhesion to substratum.
Discussion
Malignant progression of cancers involves the accumulation of multiple, irreversible genetic hits (Vogelstein and Kinzler, 1993) and the most serious changes of tumor cells during this process are the acquisition of invasive and metastatic phenotypes, which are the main cause of death in cancer patients. A key step in metastasis is the transendothelial migration of tumor cells which involves the reorganization of the actin cytoskeleton, the dynamic changes in cell shape, as well as the multiple adhesive interactions between tumor cells and endothelia (Quigley and Armstrong, 1998) . All these events require a rapid polymerization and depolymerization of actin filaments, which are modulated primarily by Tbs, the most abundant intracellular G-actin sequestering peptides (Safer et al., 1991) . Although a promoting effect of Tb-4 in malignant progression has been proposed based on the observations that upregulated expression of this gene occurs in a wide variety of carcinomas and tumor cell lines (Hall, 1991; Santelli et al., 1999) as well as in certain metastatic melanoma and fibrosarcoma cells (Clark et al., 2000; Kobayashi et al., 2002) , little is known about the roles of this G-actin sequestering peptide in tumorigenesis.
In this study, we addressed the aforementioned questions by examining the phenotypic changes of colon carcinoma cells (SW480) induced by Tb-4 overexpression and subsequently elucidating the mechanisms leading to these changes We found that both the total and intercellular levels of E-cadherin in the Tb-4 transfectants (480S1 and 480S2) were significantly lower (Figure 2 ). E-cadherin is a transmembrane glycoprotein present in almost all types of epithelia that plays a crucial role in mediating calcium-dependent intercellular adhesion as well as in supporting normal cell and tissue morphologies (Takeichi, 1995) . Moreover, this protein together with the molecules comprising the adherens junction complex, engage actively in signaling and in controlling cell proliferation and motility (Gumbiner, 1996; Christofori and Semb, 1999) . In fact, phenotypic changes such as increased motility and invasiveness of the transformed cells were suggested to arise from an altered E-cadherin-mediated adhesion (Takeichi, 1995; Christofori and Semb, 1999) . Thus, higher saturation densities associated with the Tb-4 overexpressers (Figure 3a ) would most likely be explained by the reduction in E-cadherin-mediated intercellular adhesion, the interaction required for contact-inhibited growth of epithelial cells. Cell adhesion to components of the extracellular matrix is essential for growth and survival of a wide variety of cell types (Frisch and Francis, 1994; Boudreau et al., 1995) , and deprivation of cell-substrate adhesion causes growth arrest or even apoptosis in many epithelial and endothelial cells. In contrast, the growth in soft agar, which reflects the loss of this dependence on cell adhesion, is often viewed as an indicator of increased metastatic capacity in tumor cells (Nakanishi et al., 2002) . Although the mechanism underlying the promoting effect of Tb-4 overexpression on anchorage independence of SW480 cells is currently not known, the possible involvement of an aberrant integrin-signaling pathway resulting from the disruption of actin cytoskeleton is speculated because overexpression of integrinlinked kinase, a key member in this pathway, has been shown to induce anchorage-independent growth of epithelial cells (Radeva et al., 1997) .
Cell-cell adhesion mediated by E-cadherins occurs only when their intracellular domains are properly anchored with the cytoplasmic proteins, such as a-and b-catenins (Angres et al., 1996) . While b-catenin binds directly to the cytoplasmic tail of E-cadherin, a-catenin links the bound b-catenin to the actin cytoskeleton (Takeichi, 1991) . Additionally, the localization of the cadherin-catenin complex in epithelial cells depends on the establishment of the circumferential actin filament network as the disruption of cortical actins by cytochalasin interferes with the peripheral distribution of cadherin-catenin complexes and results in their internalization (Quinlan and Hyatt, 1999) . Since Tb-4 is capable of preventing the polymerization of monomeric actins into the filamentous ones (Cassimeris et al., 1992) , overproduction of this peptide may thus depolymerize actin microfilaments which in turn may disrupt the circumferential cadherin-catenin complexes and eventually cause the morphological as well as other phenotypic changes.
In addition to its structural role in forming adherens junctions, b-catenin also functions as a terminal component of the Wnt signaling pathway that regulates cell fate determination and differentiation during development (Barker and Clevers, 2000) . Although nuclear bcatenins have been shown to participate in regulating cell proliferation via their interactions with the TCf/LEf transcription factors (Behrens et al., 1996; Molenaar et al., 1996) , the cytoplasmic counterparts of this molecule are usually associated with the adenomatous polyposis coli (APC) tumor suppressor protein, the glycogen synthase kinase 3b (GSK3b), and axin (Rubinfeld et al., 1996; Liu et al., 2002) , and are degraded rapidly through an ubiquitin-mediated process (Aberle et al., 1997) . In contrast, accumulation of nuclear b-catenins was found in most of the colon carcinoma cells (including SW480) due mainly to the somatic mutations of APC gene (Morin et al., 1997) . Therefore, the increased growth rate and cell cycle progression of the Tb-4 overexpressers ( Figure 5 and Table 1 ) could be attributed to the higher levels of both nuclear b-catenin and c-Myc found in these cells (Figures 6 and 7) because the latter is not only a downstream target of the former (He et al., 1998; Sellin et al., 2001) but also a facilitator of cell cycle progression (He et al., 1998) . On the contrary, Tb-4 overexpression did not affect the growth rate of mouse fibrosarcoma (QR-32) cells (Kobayashi et al., 2002) and overproduction of Tb-10 even impaired the growth of human ovarian cancer (PA-1 and Skov3) cells (Lee et al., 2001) . These discrepancies are most likely attributed to the different intracellular microenvironments. In other words, the level of nuclear b-catenin in SW480 cells might further be increased by Tb-4 overexpression because of APC gene mutation, thus resulting in phenotypic changes more dramatic than those without APC deficiency.
Stimulation of both the in vitro motility and the in vivo metastasis of various types of cells by Tb overexpression was documented (Bao et al., 1996; Kobayashi et al., 2002) , suggesting the participation of Tbs in modulating the metastasis of cancer cells through actin-based cytoskeletal organization. Our data showing a dramatic increase in the motility of the Tb-4 transfectants (Figure 8 ) not only support the above notion but also explain the upregulation of genes encoding other Tbs in a variety of highly metastatic human tumors. On the other hand, Yamamoto et al. (1993) have reported an upregulation of Tb-4 in several nonmetastatic colorectal carcinoma cell lines. One possible explanation of the discrepancies between the two studies is that the metastatic cell lines used in their study were obtained from the American Type Culture Collection, not derived from their nonmetastatic counterparts. Differential expression of individual genes including Tb-4 may therefore occur in these two groups.
Cell migration requires both a rapid remodeling of the cytoskeleton and a dynamic change of its focal adhesions with the extracellular substrates. Vinculin, a major component of the focal adhesion (Burridge et al., 1988) , has been implied to modulate cell adhesion and/or motility in fibroblasts (Rodriquez-Fernandez et al., 1993) , PC 12 pheochromocytoma (Varnum-Finney and Reichardt, 1994) and F9 mouse embryonic carcinoma cells (Ezzell et al., 1997) . Interestingly, both the vinculin level and the size of focal adhesions were increased in 3T3 fibroblasts overexpressing Tb-4 (Golla et al., 1997) . By contrast, even though the migration of human conjunctival epithelial cells was induced by exogenous Tb-4, their focal contacts to the extracellular matrix were dramatically reduced (Sosne et al., 2002) . Our results (Figure 9 ) are in good agreement with those reported by Golla et al., suggesting that an increased ability to form vinculin-containing focal adhesions of the Tb-4 overexpressers may as well account for their enhanced motilities.
In addition to increasing the motility of SW480 cells, Tb-4 overexpression might also enhance their invasiveness since, matrilysin (MMP-7), a matrix metalloproteinase critical for mediating stromal invasion (Newell et al., 1994) , is also a downstream target of b-catenin (Brabletz et al., 1999) . Moreover, the dynamic turnover of adhesive complexes crucial for cell migration appears to be affected by the Tb-4-induced reorganization of the actin network. Thus, it will be of interest to examine whether the in vitro invasive, the in vivo tumorigenic as well as the metastatic capacities are also altered in SW480 cells overexpressing the Tb-4 gene and experiments of these natures are currently underway in our laboratory.
Materials and methods
Reagents
Geneticin (G418) was obtained from Calbiochem (San Diego, CA, USA). L-15 culture medium and fetal calf serum were purchased from Life Technologies Inc. (Rockville, MD, USA). 32 P-dCTP was purchased from DuPont-NEN (Boston, MA, USA). Nitrocellulose membrane was obtained from Schleicher & Schuell (Keene, NH, USA). Restriction enzymes were purchased from New England Biolabs (Beverly, MA, USA). Unless otherwise stated, other chemicals and enzymes were purchased from Sigma (St Louis, MO, USA). Monoclonal anti-human E-cadherin, c-Myc, and b-tubulin antibodies were purchased from BD Transduction Laboratories & BD PharMingen (San Diego, CA, USA) Polyclonal antibody directed against b-catenin, FITC-conjugated secondary antibody, and horseradish peroxidase-conjugated secondary antibody were obtained from Sigma (St Louis, MO, USA). Polyclonal antibody directed against vinculin and its FITCconjugated secondary antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Cell culture and transfections
Human colon carcinoma cell line (SW480) was purchased from the American Type Culture Collection (ATCC CCL-228). These cells alone with several stable transfectants derived from them were maintained in L-15 medium supplemented with 10% fetal calf serum at 371C. The mouse Tb-4 cDNA was inserted into the EcoR1 site in a sense direction in the euckaryotic expression vector pBKCMV (Stratagene, La Jolla, CA, USA). The above plasmid and the pBKCMV were transfected into SW480 cells, respectively, by calcium phosphate coprecipitation (Tang and Su, 1997) . Stable clones were obtained by continuous treatment with G418 at a concentration of 0.8 mg/ml.
Northern blotting
For Northern blot analysis, total RNAs were extracted from SW480, the vector transfectants (480BK), and the Tb-4 transfectants (480S1 & 480S2) as previously described (Tang and Su, 1997) . Total RNA (30 mg) was separated on 1% formaldehyde-agarose gel and transferred to a nitrocellulose membrane. Northern hybridization using 32 P-labeled Tb-4 cDNA fragment as a probe was then conducted as previously described (Su et al., 2000) , and the signals were detected by exposing the blot to BioMax MS film (Kodak) at À701C with an intensifying screen.
Fluorescence detection of F-actin
Cells grown on the coverslips for 48 h were washed with PBS, fixed with 4% paraformaldehyde in PBS for 20 min, and then permeabilized with 0.1% Triton X-100 and 10% BSA for 30 min. After being washed in PBS, the coverslips were incubated with 5 U/ml of rhodamine-phalloidin (Molecular Probes Inc., Eugene, OR, USA) at room temperature for 1 h. The coverslips were then washed with PBS, mounted in 80% glycerol, and examined with fluorescence optics on an Olympus BX50 microscope (Tokyo, Japan). Photographs were taken at a magnification of Â 400.
Western blotting
For whole-cell lysate preparation, cells were washed with PBS and then scraped into PBS. After centrifugation, the cells were lyzed in RIPA buffer (50 mm Tris-HCl, 150 mm NaCl, 0.1% sodium dodecyl sulfate (SDS), and 1% Nonidet P-40 (NP-40); pH 7.4). PBS and lysis buffers were supplemented with proteinase inhibitors (complete proteinase inhibitors, Roche Biochemicals). The nuclear extracts were prepared as described previously (Schreiber et al., 1989) . Briefly, cells were incubated in a low-salt buffer containing NP-40 (10 mm Tris-HCl, 10 mm NaCl, 3 mm MgCl 2 , 0.5% NP-40; pH 7.4), then nuclei were pelleted by centrifugation, and nuclear proteins were extracted with a high-salt buffer (20 mm HEPES, 25% glycerol, 0.4 m NaCl, 1.5 mm MgCl 2 , 0.2 mm EDTA; pH 7.9) on ice. A volume of 50 mg of protein was separated on a 10% SDS-polyacrylamide gel and processed for immunobloting with anti-Ecadherin, anti-b-catenin, and anti-c-Myc antibodies and developed using enhanced chemiluminescence (ECL, NEN Life Science, Boston, MA, USA).
Immunofluorescence staining
For E-cadherin immunofluorescence staining, the cells were grown on the coverslips for 48 h, washed with PBS, fixed with 3% paraformaldehyde in PBS for 15 min, and then permeabilized with 0.5% Triton X-100 and 10% BSA for 15 min. Prior to incubating with the primary antibody, the coverslips were blocked with 10% BSA/0.2% Triton X-100 in PBS for 30 min. After being washed in 2% BSA/0.2% Triton X-100 in PBS, the coverslips were incubated with an anti-E-cadherin monoclonal antibody at room temperature for 1 h. After further washes, the coverslips were incubated with a FITClabeled secondary antibody for 30 min. For examining focal adhesions, cells were grown on the coverslips for 48 h before being washed with PBS, fixed with 3.7% formaldehyde in PBS for 10 min, and then permeabilized with 01% Triton X-100 for an additional 10 min. The coverslips were then blocked with 10% PCS in PBS for 60 min. After PBS wash, the coverslips were incubated with an antivinculin polyclonal antibody at room temperature for 1 h. After extensive washes, the coverslips were incubated with a FITC-labeled secondary antibody for 1 h. Finally, the coverslips were washed with PBS, mounted in 80% glycerol, and examined with fluorescence optics on an Olympus BX50 microscope (Tokyo, Japan). Photographs were taken at a magnification of Â 400.
Determination of growth rate and saturation density
For in vitro growth analysis, exponentially growing cells were plated at a density of 1 Â 10 5 cells/well in six-well plates and the culture medium was replenished every other day. Cell numbers of each well were counted with trypan blue exclusion assay every day for a total of 6 days (from day 0 to day 5). For determination of the saturation density, exponentially growing cells were plated at a density of 1 Â 10 6 cells/well in six-well plates. Cell number of each well was also measured by dye exclusion assay 3 days after they reached a confluent status.
Soft agar growth assay
Cells (1 Â 10 5 ) from each line were suspended in 3 ml L-15 medium with 10% FCS and warmed to 371C before being mixed with 300 ml of a prewarmed (521C) 3% agarose/PBS solution. Cell suspension was then layered into three wells of a six-well plate (1 ml/well) that were coated with 1 ml of L-15 medium containing 0.6% agarose beforehand. Replenishment of the medium was carried out every 3 days, and the number of colonies in each well was counted by a microscope (Olympus, Tokyo, Japan) after cells were cultured for 14 days.
Flow cytometric cell cycle analysis
Cells were trypsinized, washed twice with PBS, resuspended in 0.5 ml of lysis buffer (0.5% Triton X-100, 5 mm EDTA, 1% BSA in PBS) and incubated on ice for 15 min. Cells were then fixed by methanol for 5 min at À201C, washed twice with cold PBS, and suspended in DNA-staining medium (5 mg/ml propidium iodide, 10 mg/ml RNaseA) overnight at 41C. The flow cytometry was carried out with FACS Calibur (Becton Dickinson & Co., Oxford, CA, USA) for relative DNA content based on red fluorescence levels. The percentages of the cells in the different phases of the mitotic cell cycle were calculated using Modfit software (Verity Software House, Topsham, ME, USA).
Transwell migration assay
The ability of cells to migrate through filters was measured in a 12-mm Boyden chamber (Becton Dickinson & Co., Oxford, CA, USA). Single cell suspensions obtained by trypsinization were placed into the upper chamber in L-15 medium containing 10% fetal calf serum at a density of 10 5 cells per well. After incubation at 371C for 4 h, cells that had not penetrated the filter were wiped off with PBS-rinsed cotton swabs, and cells that had migrated to the lower surface of the filter were stained with Hoechst33258 and counted by a fluorescence microscope (Olympus, Tokyo, Japan). Values for migration were expressed as the average number of migrated cells per microscopic field over six fields per assay from three independent experiments.
Scratch wound closure assay
Confluent cell monolayers grown on glass coverslips (22 Â 22 mm 2 ) in six-well plates were scraped using a pipette tip to make a wound 22-mm long. The cells were incubated at 371C and allowed to migrate into the wound for an interval of 24 h. After fixation, the numbers of cells that moved into the scratched area were counted in a microscope (Olympus, Tokyo, Japan).
Statistics
Each data point in the figures represents the mean7s.d. for three individual determinations. Statistically significant differences (Po0.05) between Tb-4 transfected, vector-transfected, and the parental SW480 cells were determined by one-way ANOVA and the Dunnett t-tests with repeated measures.
